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Corals exposed to high light intensity may be susceptible to bleaching, therefore 
understanding the effect of light on coral photophysiology is vital to their protection. 
Goniastrea corals collected from Hall Bank Reef were placed under four different light 
filter treatments: blue, clear, red and UV opaque under outdoor conditions at Perth, Western 
Australia and photosynthetic activities were measured using a Diving-PAM. The main aim 
of this study was determining light composition (exposed ) effect on the corals’ 
photosynthetic efficiency and survival rate. The photosynthetic efficiency was quantified as 
Fv/Fm (the effective quantum yield of Photosystem II), the electron transport rate (ETR and 
ETRmax), non-photochemical quenching (NPQ), and alpha (). Coral survival was 
monitored until all corals had died, and it was found that corals subjected to shorter 
wavelengths (the blue light treatment) survived longer than other light treatments. The 
corals were initially collected from 12 m depth, where they are naturally adapted to an 
environment that is exposed to mainly blue light (450-495 nm); therefore they would be 
adapted to these conditions. The Fv/Fm dropped significantly over the course of the 
experiment, with higher Fv/Fm reduction in clear and UV light filter treatments when 
compared to corals kept at blue and red spectra. Fv/Fm reduction over time may be due to 
chronic photoinhibition damaging PSII and lowering the overall photosynthetic yield of the 
algal symbiont. The Fv/Fm of the corals subjected to the blue light treatment was 
consistently higher, most likely due to lower PAR (Photosynthetically Active Radiation) 
level transmitting this filter. The diurnal trials indicated there was a peak in Fv/Fm at 9am, 
before decreasing at midday under all light treatments. This was attributed to the high 
irradiance at this time of day causing dynamic photoinhibition and thus a temporary 
lowering of the photosynthetic yield of the symbionts. ETRmax,  and NPQ did not change 
 v 
significantly over time, however  and ETRmax showed a general trend of increasing until 
midday (when irradiance is highest) and then decreasing. Overall this showed that corals 
exposed to broader bands of the electromagnetic spectrum are more likely to experience 
damage to PSII and subsequent decrease in photosynthetic yield, as well as lowered 
survival rate. The results of this study indicate that altering the transmission of light in the 
ocean may have detrimental effects on coral reefs. 
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1.1 Coral reef ecology 
Over the past 20 years, there has been an expansion of knowledge and research into the 
photophysiology of symbionts in marine invertebrates. This research has been a response to 
the overall decline in health of reefs observed globally (Hodgson 1999). It is estimated that 
around 19% of the world’s reefs have disappeared since 1950 (Fujise et al. 2014). The loss 
of coral symbionts (bleaching) as a result of changing environmental conditions has been 
identified as a major cause of this decline (Glynn and D’croz 1990; Hoegh-Guldberg et al. 
2007). Bleaching has been shown to result in coral mortality, decreased coral reproduction, 
as well as reduced reef productivity and growth (Hoegh-Guldberg 1999; Hagedorn et al. 
2016; Speers et al. 2016).  
 
Coral reefs are among the most productive ecosystems in the world, and cover 0.17% of the 
Earth’s surface (Crossland et al. 1991). The relationship between coral and the associated 
endosymbiotic dinoflagellate zooxanthellae is extremely complex and essential to the long-
term survival of coral reef ecosystems (Kinzie et al. 1984; Beer et al. 1998; Mass et al. 
2010). The unicellular autotrophic zooxanthellae provide corals with most of their energy 
and carbon (up to 90% of the corals’ nutritional requirements) (Berkelmans and van Oppen 
2006). In scleractinians, a group of anthozoan corals, zooxanthellae are also known to 
promote rapid calcification in their coral hosts (Al-Horani et al. 2003; Stanley 2003). This 
is especially evident under light, which is known as “light enhanced calcification” (Chalker 
and Taylor 1975; Tentori and Allemand 2006; Moya et al. 2008).  
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Zooxanthellae belong to the genus Symbiodinium, and organisms within this genus can be 
found within a large range of heterotrophic hosts such as coral polyps, giant clams and 
sponges among many others (Yuyama 2005). Symbiodinium is separated into Clades A-H 
for most animal hosts, however for scleractinian corals only Clades A-D and F have been 
found (Yuyama 2005). Nuclear ribosomal and chloroplast DNA can be used to separate 
clades further into species (Berkelmans and van Oppen 2006). The uptake of specific 
zooxanthellae types depends on the environmental conditions in which the coral is living 
(Hennige et al. 2005; Berkelmans and van Oppen 2006; Abrego et al. 2008). Zooxanthellae 
can be acquired by corals through horizontal transmission and vertical (maternal) 
transmission (Loh et al. 2001). The former is when the symbiont is acquired from the 
environment, and the latter describes the direct transmission from the host parent to the 
offspring (Barneah et al. 2004; van Oppen 2004). A relationship between mode of 
transmission and clade has been found, with Clade A symbionts being transmitted through 
vertical transmission, and those from Clade C being transmitted through horizontal 
transmission (Barneah et al. 2004). Interestingly, this has resulted in Clade A symbionts 
being characterised by a strong ability to cope in a wide range of environmental conditions, 
while Clade C symbionts have been found to possess a higher physiological capacity 
(Barneah et al. 2004).  
 
The symbiotic relationship between the coral host and their zooxanthellae is highly 
dependent upon the conditions in which they are living. Scleractinian corals will only build 
reefs in tropical and subtropical shallow waters (Stanley 2003; Wicks et al. 2010). There is 
overwhelming evidence that temperature variation in particular is a highly influential factor 
on the retention of zooxanthellae and thus, on the susceptibility of bleaching (loss of 
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zooxanthellae) (Hoegh-Guldberg 1999; Anthony et al. 2008; Wicks et al. 2010). Therefore, 
the environmental conditions of reefs must be monitored against historical data to predict 
their long term effect on coral survival. Zooxanthellae are known to be actively expelled by 
their coral hosts when the invertebrate is under stress from the environment, such as 
extreme temperature and high light exposure (Jones et al. 1998; Fujisi et al. 2014). 
Although temperature and light are the most common causes of bleaching, other causes 
include disease, or lowered salinity (Pratchett et al. 2015). Many stressors and changes in 
environmental conditions are large-scale, so if they are to occur they impact large areas of 
reef (Wicks et al. 2010; Pratchett et al. 2015). However, small-scale stressors such as 
pollution can also impact the reef, especially when they are frequently occurring (Gurney et 
al. 2013; Pratchett et al. 2015). 
 
The process of bleaching begins with environmental changes (most commonly a 
combination of elevated temperature and high light exposure), which cause the 
zooxanthellae to photosynthesise at a much faster rate (Glynn 1993; Pratchett et al. 2015). 
Photosynthesis produces oxygen, and during these conditions the algae will release oxygen 
at a rate that is 4-8 times faster than the coral host is able to take it up (Hoegh-Guldberg 
1999). The levels of oxygen will sometimes become so high that they become toxic 
(Hoegh-Guldberg 1999). Instead of contributing to photosynthesis, the oxygen converts to a 
chemically active oxygen radical (Glynn 1993). As these are toxic to the coral host, the 
zooxanthellae are expelled from the coral tissue in order for the host to survive (Glynn 
1993). Analysis of the Photosystem II (PSII) activity of the symbionts remaining within 
bleached corals show severe damage and a significant loss in photosynthetic activity. As 
well as this, the damage to PSII has been highly correlated with a significant decrease in D1 
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reaction center protein (Warner et al. 1999). In this state, where the zooxanthellae have 
been expelled, the coral has lost its pigmentation and therefore appears white or ‘bleached’ 
(Glynn 1993; Hoegh-Guldberg 1999; Hagedorn et al. 2016). This does not mean that the 
coral has died, however if the coral is in this state for a prolonged period of time, it will not 
receive the nutritional requirements to live (Szmant and Gassman 1990; Glynn 1993; 
Hoegh-Guldberg 1999).  
 
Elevated temperature is not the only climate change induced environmental factor that is 
affecting our reefs. They are also being damaged and stressed due to physical stresses such 
as increased sea level rise and increased frequency and intensity of tropical storms (Markey 
et al. 2016). Tropical habitats are particularly susceptible to cyclones and storms due to 
their latitudinal position (Halford et al. 2004). These physical disturbances result in 
immediate loss of structural complexity of the reef (Liddle and Kay 1987). Some corals 
(such as Acropora sp.) are highly vulnerable to these physical impacts, however massive 
corals such as Favites and Goniastrea are usually left unharmed (Halford et al. 2004). 
Unlike these immediate physical impacts, other disturbances (disease, predation, bleaching, 
and bio-erosion) degrade the habitat health over time, but leave the structure of the habitat 
intact (Halford et al. 2004; Raymundo et al. 2009).  
 
The increasing carbon dioxide concentration in the atmosphere leads to a greater volume of 
the gas dissolving into the ocean and forming a weak carbonic acid (Hoegh-Guldberg et al. 
2007). This dissociates into bicarbonate and hydrogen ions, therefore decreasing the pH of 
the water (Hoegh-Guldberg et al. 2007). Calcification (which is essential for formation of 
 5 
coral exoskeletons) is hindered by the decrease in pH, as the free carbonate will bond with 
hydrogen ions instead of bonding with calcium to form calcium carbonate (Hoegh-
Guldberg et al. 2007). Ocean acidification occurs over a long period of time and the effects 
are long lasting (Hoegh-Guldberg et al. 2007). As countless stressors threaten marine 
ecosystems, we must aim to conserve functional diversity through preserving the resilience 
of habitats (McCook 1999). In order to determine how environmental changes will affect 
coral reefs, we need to examine the biological traits of each species, as these traits will 
determine how the species will react and the level of recovery that is possible (West and 
Salm 2003). For this reason, surveying species composition of reefs is of upmost 
importance. 
 
The capturing of light by marine invertebrates encompasses the beginning of many marine 
food webs (Doney et al. 2012). This knowledge has led to specific studies into the 
efficiency of the coral symbiont zooxanthellae, and the relationship between zooxanthellae 
and their coral host. Due to their influence and importance in coral reef ecosystems, 
zooxanthellae have been studied extensively. However, there is still much to discover, 
particularly regarding the effect of spectral composition on the photosynthetic efficiency of 
zooxanthellae, their ability to adapt to changing spectral composition, and how this may 
affect corals living in both deep and shallow waters. Here I will cover the adaptations to 
depth and light observed in corals, especially the distribution and abundance of 
zooxanthellae. I will also cover the methods that have been used to determine the 
photosynthetic efficiency of corals and their use in the study of the photosynthetic 
performance of corals will be critically analysed. In particular, I will discuss radioactive 
isotopes, oxygen evolution and chlorophyll fluorescence. The pulse amplitude modulation 
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(PAM) technique is of particular interest in current studies, so examples of studies that have 
used this technique will be outlined and examined.  
 
1.2 Photosynthesis and adaptations 
Light capturing and the process of photosynthesis 
Photosynthesis is the process that forms the basis of all life on Earth (Hall and Rao 1999; 
Graham et al. 2009). Photosynthesis uses water and carbon dioxide, driven by sunlight to 
form carbohydrates (sugars) and oxygen as a by-product (Hall and Rao 1999; Das 2004; 
Graham et al. 2009). This process is driven by visible light (400-700 nm) or 
photosynthetically active radiation (PAR), which is the visible part of the solar radiation 
spectrum; it is composed of electromagnetic energy waves at wavelengths of 400-700 nm 
(Hall and Rao 1999). This visible light is partially absorbed by the chlorophyll and other 
pigments (usually found in the chloroplasts) of plants (Powles 1984). The amount of energy 
in each photon (unit of electromagnetic energy) depends on the wavelength, with shorter 
Figure 1.1: The structure of a photosystem, indicating how chlorophyll and other pigments 
capture light energy (Beer et al. 2014) 
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(blue) wavelengths having greater energy (Figure 1.1) (Villanueva et al. 2015).  
 
The two main stages of photosynthesis are the light dependent reactions and the light 
independent reactions (Jones et al. 1999; Beer et al. 2014). Light reactions occur within the 
thylakoid stack of the grana in the presence of light (Figure 1.2) (Jones et al. 1999). The 
photosynthetic membrane of plants has light-harvesting protein complexes that surround 
the reaction centre acting as an antenna (Das 2004; Beer et al. 2014). These antennae will 
absorb photons of light, causing the electron to shift from the ground state to a higher 
energy state, thus releasing energy (Das 2004). This energy is used by an adjacent molecule 
to raise an electron to an excited state, and the process continues until it reaches 
Photosystem II (PSII) (Das 2004). From here the electrons are energised, and transferred 
from one molecule to another (due to the molecule’s electron deficiency) in a complex 
series of at least nine redox reactions, forming the Electron Transport Chain (ETC) (Hall 
and Rao 1999; Jones et al. 1999; Beer et al. 2014). In these redox reactions NADH is the 
electron donor and O2 is the electron acceptor (Jones et al. 1999). The electrons end up in a 
molecule called the plastoquinone, which is reduced and the protons are transferred to the 
thylakoid while the electrons continue along the ETC to the cytochrome b6f complex 
(Graham et al. 2009; Beer et al. 2014). The cytochrome complex b6f is an enzyme in the 
thylakoid membrane, which catalyses the transfer of electrons from the plastoquinone to 
plastocyanin, from which the electrons are carried onto Photosystem I (PSI) (Graham et al. 
2009; Beer et al. 2014). The ETC results in the production of ATP by the enzyme ATP 
synthase using ADP and inorganic phosphate (Graham et al. 2009). In the last step of the 
ETC, NADPH is produced by ferrodoxin-NADP
+
 and oxygen is also produced as a waste 




The light independent reactions of photosynthesis occur in the stroma of the chloroplast, 
and the main objective of these reactions is to store the energy created by the ETC in the 
manufacturing of sugars using CO2 (Jones et al. 1999; Beer et al. 2014). This process is 
called the Calvin cycle and can be separated into three processes: the fixation of CO2, the 
reduction of glycerate-3-phosphate, and ribulose bisphosphate (RuBP) regeneration (Jones 
et al. 1999). The light independent reactions are the reaction of carbon dioxide reacting 
with RuBP so that it becomes carboxylated with the assistance of the enzyme ribulose 
biphosphate carboxylase (Hall and Rao 1999). The RuBP is converted into two molecules 
of glycerate-3-phosphate, and thus for every 6 molecules of CO2 entering the Calvin cycle, 
12 molecules of glycerate-3-phosphate are produced (Hall and Rao 1999; Graham et al. 
2009). The CO2 then reacts with the H from the reduced NADP to become CH2O and form 
part of the glycerate-3-phosphate (Hall and Rao 1999). This is then converted to triose 
Figure 1.2: The light-dependent stage of photosynthesis showing the electron 
transport system from Photosystem II to Photosystem I, and the production of 
NADPH (Beer et al. 2014) 
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phosphate with the reduced NADP and ATP (Figure 1.3) (Graham et al. 2009). The 




, while ATP (from 
the light dependent reactions) is converted back to ADP and inorganic phosphate (Graham 
et al. 2009). Some of the triose phosphate is removed from the cycle to be converted into 
molecules such as glucose, starch, lipids or proteins (Hall and Rao 1999; Graham et al. 
2009). The remaining molecules of triose phosphate are converted to ribulose 
monophosphate, and then to RuBP using the inorganic phosphate from ATP (Hall and Rao 




Figure 1.3: The Calvin cycle of CO2 fixation and reduction (Beer et al. 2014) 
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There are a variety of pigments within the chloroplast that will absorb certain wavelengths 
of the electromagnetic spectrum, with the main pigments used to absorb light being 
chlorophylls (a, b, c, d and e) and carotenoids (such as astaxanthin and β carotene) and 
phycobilins (phycobilin, phycoerythrin and phycocyanin) (Hall and Rao 1999; Graham et 
al. 2009; Villanueva et al. 2015). Pigment composition varies between organisms, leading 
to varied absorption capabilities (Figure 1.4). Some photosynthetic organisms will absorb 
blue light most effectively, whereas others may absorb red light more effectively due to the 
composition of their pigments (Villanueva et al. 2015; Yaghoubian et al. 2016). This is 
called the ‘species action spectrum’ (Das 2004; Yaghoubian et al. 2016). When these 
wavelengths are provided to the cell, the process of photosynthesis will occur at a much 
faster rate (Das 2004; Yaghoubian et al. 2016). 
 
 
Figure 1.4: The absorbance spectrum of chlorophyll a and b (Beer et al. 2004) 
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The relationship between the light spectrum and depth 
The process of photosynthesis can be enhanced or repressed by the environmental 
conditions experienced by the photosynthetic organism (Powles 1984). The most common 
environmental limitation to photosynthesis is light (Teskey et al. 1986). There is generally 
an attenuation of the quality and intensity of light along depth gradients (Mundy and 
Babcock 1998). This is due to light being filtered as organic material and suspended solids 
absorb and reflect light (Fell 2003). Light in the water column varies temporally (Belshe et 
al. 2007), and can fluctuate between fractions of a second, as well as over the course of the 
day (Belshe et al. 2007). The spectral composition in the water column changes with daily 
and seasonal light changes (Kinzie et al. 1984). This results in changing wavelength 











Figure 1.5: The changing light irradiances with depth for certain 
representative wavelengths (395nm, 443nm, 490nm, 520nm, 
560nm, and 665nm) (Mass et al. 2010) 
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This can be explained by the Beer-Lambert Law, which states that wavelengths of the 
visible light spectrum are filtered out of the water column as depth increases (see Figure 
1.6a) (Mass et al. 2010). The absorption properties of water are responsible for this in the 
open ocean; however, in coastal areas most of the attenuation and absorption is by 
suspended sediment and organic material in the water column (Mass et al. 2010). Due to 
the presence of these suspended particles, longer wavelengths are absorbed quickly (Mass 
et al. 2010). Red light made up of long wavelengths is therefore present only in shallow 
waters, however only shorter wavelengths (such as blue light wavelengths) are present in 
deeper waters (see Figure 1.6b) (Mass et al. 2010). This has implications for the zonation of 
photosynthetic marine organisms (including zooxanthellae) (Wicks et al. 2010). 
Photosynthetic organisms are restricted to depths that are exposed to wavelengths suitable 
to be absorbed by their accessory pigments (Wicks et al. 2010; Mass et al. 2010).  
 
 
Adaptations to light dissipation 
The Complementary Chromatic Adaptation (CCA) theory explains the reasoning behind the 
zonation of seaweeds containing pigments that absorb the light wavelengths that reach their 
characteristic depth (De Marsac and Houmard 1988; Grossman 2003; Kehoe and Gutu 
Figure 1.6: (a) A graphical representation of the attenuation of light irradiance with depth in the 
ocean (b) Higher wavelengths are filtered out as depth increases, leaving a narrow range of the 
spectrum in deeper waters (Roth 2014) 
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2006). The theory takes into account the Beer-Lambert Law and comes from the 
observation that certain photosynthetic organisms were found at particular depths, as well 
as the additional observation of the transmission of light in the water column (Kinzie et al. 
1984; Kinzie and Hunter 1987; Kehoe and Gutu 2006). From this, it was found that 
seaweed species were restricted to certain depths depending on the wavelengths that they 
are adapted to utilise in photosynthesis, which is dependent on the pigments found in their 
chloroplasts (De Marsac and Houmard 1988). This theory also applies to other 
photosynthetic organisms, as all contain a selection of photosynthetic pigments, including 
accessory pigments that absorb the wavelengths that are available at the depth that the 
organism is naturally found (Kehoe and Gutu 2006; Mass et al. 2010).  
 
Corals and their associated zooxanthellae have developed adaptations to the light spectra 
composition they are exposed to at their natural depths (Kehoe and Gutu 2006). Corals 
have evolved over time to obtain several adaptations to the varied light intensities that they 
are exposed to, and the changing light composition at shallow depths compared to deep 
water environments (Kehoe and Gutu 2006). Low light intensity conditions may be due to 
the depth of the water column, or by the environment being shaded (Mass et al. 2010). 
Kinzie et al. (1984) found a correlation between the photosynthetic pigment concentration 
per unit surface area and the depth range of the coral, with deeper corals having a higher 
concentration of chlorophyll a. It has also been found that the mass of chlorophyll a per unit 
area is greater in shade-adapted species than light adapted corals (Porter et al. 1984). As 
well as this, corals in intense sunlight respire at almost twice the rate of shaded corals in 
response to their higher gross primary productivity (Porter et al. 1984).  
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There is also evidence to suggest that different clades of Symbiodinium will enhance the 
physiological performance of coral under certain conditions (Abrego et al. 2008). For 
example, in Acropora tenuis the chlorophyll fluorescence, production of oxygen, and 
concentration of pigments were correlated with higher tolerance to heat and light as well as 
lower metabolic costs when hosting Clades C1 symbionts compared to Clade D symbionts 
(Abrego et al. 2008). However, another study found that corals with a higher thermal 
tolerance were associated with the ability to change their dominant symbiont from 
Symbiodinium Clade C to Clade D (Berkelmans and van Oppen 2006). There is a 
significant gap in the literature in regards to the differing physiological impacts of specific 
zooxanthellae types (requires genetic testing) within coral hosts (Abrego et al. 2008). 
 
Light spectral composition has also been shown to affect the growth and recruitment of 
scleractinic species. Numerous studies have investigated the growth rate of coral species 
under different light treatments. Kinzie et al (1984) found that corals growing under blue or 
white light promoted more skeletal growth than those under red or green light, with red 
light showing the lowest growth rate. Zooxanthellae have also been found to affect the rate 
of hard coral calcification. The presence of zooxanthellae has been investigated using 
oxygen sensors, and found that the distribution of zooxanthellae was correlated with the 
highest calcification rates (found using radioactive tracers) (Al-Horani et al. 2005). This 
relationship further indicates the importance of the symbiotic relationship not only for 
sustaining the coral physiologically, but also for growth (Al-Horani et al. 2005). The 
activity of enzymes within coral polyps has also been shown to be affected by light spectra. 
The activity of two free radical enzymes was measured and found to be greater in the blue 
light range compared to red, and full PAR in Favia favus (Levy et al. 2006). They also 
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found that the enzyme response to spectral distribution of light was greater in the host 
rather than the zooxanthellae, probably due to accumulation of free radicals in the host 
tissue; the activity of the enzyme was dependent on the duration of illumination (Levy et al. 
2006). Although studies have been completed on the effect of light, and also depth on 
photosynthesis, none have looked at the synergistic effect of these. As well as this, no study 
has used light filters to isolate certain wavelengths of the spectrum or utilise natural 
sunlight. 
 
Distribution and abundance of zooxanthellae within a coral 





1972). The density of zooxanthellae is a measure used in photosynthesis studies, as coral 
hosts will expel and take up zooxanthellae depending on the environmental conditions they 
are exposed to (Drew 1972). Rocha et al. (2013) placed fragmented corals in aquaria under 




.  After 5 months the corals 




showed a significant 





a decrease in pigment concentration. This suggests that deeper corals that are receiving less 
light will adapt by taking up higher densities of zooxanthellae and adopting higher levels of 
chlorophyll a to enhance photosynthesis (Rocha et al. 2013). There is evidence to suggest 
that having a higher level of zooxanthellae promotes faster growth in corals, which may be 
due to the zooxanthellae providing the coral with saturated fatty acids, as well as 
polyunsaturated fatty acids (Al-Hammady 2013). However, there is evidence for an 
adaptation whereby the coral increases the size of the photosynthetic unit (PSU) rather than 
increasing the number of PSUs per cell (Dustan 1982). Some coral taxa use obligate 
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heterotrophy to obtain nutrients rather than photosynthesis when there is not enough light 
available to obtain sufficient nutrients in this way. Therefore, deeper corals have a lower 
density of zooxanthellae than shallow water corals as an adaptation to low light (Al-
Hammady 2013). These different feeding mechanisms exist to increase efficiency of 
nutrient uptake in the varying environmental conditions across coral reefs globally.  
 
The density of zooxanthellae within and between host organisms is variable, and is 
dependent on a number of factors (Al-Hammady 2013). It was found that the density of 
zooxanthellae can change relatively quickly (daily or weekly) (Stimson and Kinzie 1991; 
Fagoonee et al 1999). Diurnal patterns in zooxanthellae measured over the period of one 
day have indicated a peak in zooxanthellae release midday when irradiance is highest 
(Stimson and Kinzie 1991). Seasonal variations are also apparent, with a long term (1991-
1997) study in Mauritius finding a much higher mean density of zooxanthellae over autumn 
and winter months than summer and spring (see Figure 1.7) (Fagoonee et al 1999). Over 




) can be 
attributed to a bleaching event due to temperature rising in the shallow lagoon (Fagoonee et 
al 1999). However, another study contradicts this by pointing out that the seasonal patterns 
in zooxanthellae density tend to show an increase in summer when water is warm and a 
decrease in winter when the zooxanthellae are not as productive and instead draw resources 





There is also evidence for variation in zooxanthellae density over a much smaller scale, that 
is, over the surface of the individual coral polyps. Al-Horani et al. (2005) used oxygen 
sensors to determine the areas of the coral that were photosynthesising, thus indicating 
presence of zooxanthellae. They found that the highest rates of gross photosynthesis were 
found on tissue covering the septa, the tentacles, and the tissues surrounding the mouth 
opening of the polyp; the areas of low rates were found on tissues of the wall and coenosarc 
(Al-Horani et al. 2005). It is expected that zooxanthellae density will be highest in the part 
of the colony that is exposed to the most sunlight, and areas that are self-shaded will 




Figure 1.7: A graph indicating the seasonal variations in mean 
zooxanthellae density in the coral species Acropora formosa in a 
shallow lagoon in Mauritius from the years 1991 to 1997 
(Fagoonee et al 1999) 
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The population density of zooxanthellae within the particular coral host is dependent on the 
environmental conditions and thus, the level of stress induced on the coral (Titlyanov et al. 
1996). In most cases, a coral colony will only associate with a single type of zooxanthellae 
(Berkelmans and van Oppen 2006). However, recently it has been found that some coral 
species will simultaneously associate with several types of zooxanthellae (Berkelmans and 
van Oppen 2006).  
 
The effect of ultra violet radiation light on corals 
Ultra violet (UV) radiation has been extensively studied for its effect on coral reefs. Reefs 
are susceptible to damage by UV radiation as UV light is able to easily penetrate shallow, 
clear waters (Ferrier-Pages et al. 2007). As well as this, many reefs are exposed to harmful 
UV radiation at low tide (Richier et al. 2008). The level of damage varies between species, 
but if the level of UV radiation becomes too high it can cause damage to PSII and 
production of oxygen radicals as a result of photoinhibition of photosynthetic electron 
transport (Mundy and Babcock 1998; Smith et al. 2005). It is yet to be determined which 
species of oxygen radicals are produced under these circumstances, however there is some 
evidence to suggest that hydrogen peroxide is partially responsible for the expulsion 
process of zooxanthellae in the presence of UV light (Smith et al. 2005). As well as the risk 
of triggering the expulsion of zooxanthellae, UV light has been found to reduce the 
photosynthetic efficiency of exposed corals for both short and long periods of time (Shick 




UV light has been found to affect the skeletal growth of corals, with high UV levels 
reducing calcification; however, corals growing under UV radiation can develop 
adaptations to withstand these conditions (Jokiel and York 1982; Dunlap et al. 1986). 
Corals exposed to a high level of UV light have been shown to have a greater concentration 
of UV absorbing substances, and the presence of these substances was found to be 
negatively correlated with depth, and therefore presence of UV radiation (Jokiel and York 
1982; Dunlap et al. 1986; Shick and Jokiel 1996).  Jokiel and York (1982) also found 
differences in the damage to zooxanthellae grown in vitro compared to in vivo. The 
zooxanthellae growing in vivo did not seem to be damaged when grown in full PAR, but 
those in vitro were severely impaired when exposed to UV radiation (Jokiel and York 
1982). As well as this, ‘shade-loving corals’ (those growing in darker environments) 
showed more damage than species that thrive in lighter environments (Jokiel and York 
1982). This is consistent with the findings of a study that used respirometer chambers to 
measure the photosynthetic response of corals exposed to UV light from different depths 
(Shick et al. 1995). Photosynthesis was unaffected by UV light in corals originating from 2 
and 10 metres (Shick et al. 1995). However, in corals from 20 and 30 metres, 30 and 38% 
of colonies resulted in photoinhibition after UV exposure (Shick et al. 1995).  
 
Corals have been found to adjust not only their physiology according to the level of UV 
irradiance being received, but also their behaviour with regards to their settlement and 
migration. Kuguru et al. (2010) found that certain species adapted to UV exposure by 
inhabiting areas away from those exposed to high UV light to avoid damage; similar 
physiological adaptations were also observed in other species (Kuguru et al. 2010). These 
studies indicated that the zooxanthellae were protecting their host coral by reducing their 
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chlorophyll pigments and cellular abundance and adjusting their light absorption efficiency 
according to the level of irradiance (Kuguru et al. 2010). Corals exposed to UV light have 
also been observed to have a higher concentration of UV-absorbing microsporine-like 
amino acids (MAAs) as a protection against photoinhibition (Shick et al. 1995; Dunlap and 
Shick 1998; Ferrier-Pages et al. 2007). Interestingly, in this study the concentration and 
diversity of MAAs was higher in corals that contained zooxanthellae from Clade A 
(Ferrier-Pages et al. 2007). This gives strong evidence for the adaptation of corals to 
extreme environments, indicating their high chance of survival should they experience long 
term environmental changes in the future. Corals are sensitive, however their ability to 
adjust in order to survive is evident here.  
 
1.3 Methods of quantifying photosynthetic efficiency 
This section aims to cover the main methods of determining the photosynthetic efficiency 
of corals. Each method has been used effectively in past studies, however some have 
proven to be more efficient than others, and target different aspects of the photosynthetic 
process. Here the main benefits and limitations of these methods are explored. The main 
categories of photosynthesis determination are radioactive isotopes, oxygen evolution, and 
chlorophyll fluorescence.  
 
Radioactive carbon 
Tracking of the radioactive carbon allows us to determine the efficiency of CO2 uptake, 
thus indicating the efficiency of photosynthesis (McConnaughey et al. 1997; Hartig et al. 
1998; Ronnie et al. 2002; Al-Horani et al. 2005). One of the first methods for determining 
 21 






(McConnaughey et al. 
1997). This can be achieved by measuring the natural concentration of dissolved inorganic 
carbon in the water, the amount of 
14
C-DIC added, and the amount of 
14
C found retained in 
the particulate matter after the incubation period (O’Leary 1988). Isotope ratios are 
measured using mass spectrometry (O’Leary 1988). This method is more often used in 
studies related to the composition and physiology behind building exoskeletons in 
scleractinian corals (Goreau 1977; McConnaughey et al. 1997; Reynaud-Vaganay et al. 
2001).  
 
This method was very popular for use in seagrass productivity, however currently it is not 
frequently used due to the development of cheaper, less invasive methods (Silva et al. 
2009). Limitations of the 
14
C method include the fact that it is not able to measure the 
community respiration rate, the production rates are dependent on many factors and their 
interpretation is not clear (often unable to determine if it is indicating Gross Primary 
Production or Net Primary Production) (Carignan et al. 1998). In order to determine the 
accuracy of these methods, studies have focused on comparing methods of determining the 
photosynthetic efficiency of corals in order to confirm that they produce similar results 
(Roy et al. 1991; Hartig et al. 1998). For example, Hartig et al. (1998) found that the PAM 
fluorescence based maximum production rates (Pmax) were very similar to the 
14
C based 
maximum production rates. However, O2 evolution methods and 
14
C methods have found 




Measuring the production of oxygen in aquatic photosynthetic plants is one of the easiest 
and oldest ways to determine photosynthetic performance (Blinks and Skow 1938; Ronnie 
et al. 2009). This method relies on the stoichiometry of photosynthesis, and has the 
assumption that a greater production of oxygen is the result of a greater O2 production and 
thus a higher efficiency of photosynthesis when measured over time (Dilieu and Walker 
1972; Melis et al. 2000). There are several ways of determining oxygen production in 
photosynthetic organisms, including the Winkler Method; this involves titrations inducing a 
series of chemical reactions and the production of molecular iodine and tri-iodine ions 
(Carignan et al. 1998).  
 
Oxygen electrodes are among the most popular and frequently used options due to the low 
cost and simple methodology (Barnes 1983; Goiran et al. 1996; Al-Horani et al. 2003; 
Ronnie et al. 2009). Oxygen evolution over time or under different conditions can be 
determined by submerging the electrodes in the medium containing the organism of interest 
(Melis et al. 2000; Silva et al. 2009). This can either be done by measuring the oxygen 
levels at the start and end point of a certain time period, or monitored continuously 
(Longstaff et al. 2002; Silva et al. 2009). This method usually involves the removal of the 
organism from its natural habitat which may alter its photosynthetic ability, however, the 
physiological information is still of great use (Silva et al. 2009). The instruments are 
available in a wide range of options, with hand held units, bench top oxymeters or large 
chamber set ups for commercial use (Rosenberg 1954; Silva et al. 2009). A more recently 
discovered method involves monitoring oxygen using 2D imaging (Papkovsky and 
Dmitriev 2013). This method uses sensor foils, optodes and imaging technology to 
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determine the concentration and distribution of oxygen (Papkovsky and Dmitriev 2013). 
Images are taken over time and can be used to determine changes in oxygen production, 
which is then used as an indicator of photosynthesis (Papkovsky and Dmitriev 2013). Now, 
even more advanced technology is emerging, including geo-acoustic inversion techniques 
(Silva et al. 2009; Felisberto et al. 2015). In current studies, if this technique is used, it is 
often used in conjunction with other techniques such as fluorescence studies (Longstaff et 
al. 2002; Abrego et al. 2008; Moya et al. 2008).  
 
Chlorophyll fluorescence  
Once chlorophyll molecules have absorbed light, the excess energy can be re-emitted as 
light, which is chlorophyll fluorescence (Beer et al. 1998; Sugget et al. 2010). There are 
three modes of energy dissipation that deactivate the excited chlorophyll states: 
fluorescence, heat (non-photochemical quenching (qn)) and when it is used to drive 
photosynthesis (photochemical quenching (qp)) (Figure 1.8) (Jones et al. 1999; Schreiber 
2004). These can be separated by quenching analysis, whereby the sample is dark adapted 
and the PAM fluorometer determines F0 and Fm (Jones et al. 1999; Schreiber 2004). F0 is 
the initial fluorescence of the sample, or the fluorescence when the reaction centres of PSII 
are fully oxidized (Jones et al. 1999; Schreiber 2004). Then the sample is illuminated with 
two light measuring signals- a measuring light and a saturation pulse- which are provided 
through a fibre optic cable held directly onto the sample (Schreiber 2004). This intense 
light pulse causes the chlorophyll reaction centres of PSII to close, making them 
unavailable for photochemistry (Beer et al. 1998). This is when fluorescence is at its 
maximum value (Fm in dark adapted plants and Fm’ under actinic light) (Jones et al. 1999). 
We can then calculate Fv, which is the variable fluorescence or the change from F0 to Fm 
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(Jones et al. 1999). The new F0 and Fm values are determined, and are termed F and Fm’ 
respectively (Jones et al. 1999). This is a relative measure of the number of reaction centres 








Photochemically quenched fluorescence (qp) and non-photochemical quenching (qn) is 
calculated by: 
   
       
       
 
   
        
       
 
    
The value of Fv/Fm’ is a measure of the effective quantum yield of PSII in an illuminated 
sample (Ralph et al. 2005). The PAM fluorometer also produces photosynthesis-irradiance 
Figure 1.8: The three possible fates of excited chlorophyll, which occurs when chlorophyll absorbs light 
and moves from its ground state to an excited state (Muller et al. 2001) 
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(PI) curves, which involve a series of saturation pulses that produce the Fv/Fm’ 
measurements for successive light intensities. By increasing the photosynthetically active 
radiation (PAR) the ETR increases and the absorption exceeds the rate at which the dark 
reactions can proceed to fix carbon (Ralph et al. 2005; Ralph and Gademann 2005; Belshe 
et al. 2007). By measuring the effective quantum yield of PSII as the actinic light intensity 
increases, the capacity (ETRmax) and efficiency (alpha) of photosynthesis in the organsim 
can be determined (Belshe et al. 2007). The ETR can be determined by: Fv/Fm’ x PPFD x 
0.5 (where PPFD is the photosynthetic photon flux density of photosynthetically active 
radiation (400-700nm) (Ralph et al. 2005; Jones et al. 1999). We assume that PSII absorbs 
half of the quanta of light that is available (Jones et al. 1999). This is because electrons 
leading to CO2 reduction in the dark reactions of photosynthesis are derived from the 
splitting of water in PSII (Jones et al. 1999). 
 
PAM fluorometry is an extremely useful, non-invasive tool for measuring the relative 
quantum yield of chlorophyll fluorescence within photosynthetic organisms (Ronnie et al. 
2002; Sugget et al. 2010). In the past, the photosynthetic performance of corals has been 
determined using techniques such as examining carbon fixation using 
14
CO2 or O2 
evolution (Beer et al. 1998). These techniques can be time consuming and often involve 
removing the organisms from the reef for accurate analysis, which can compromise or 
decrease their ability to survive (Beer et al. 1998; Sugget et al. 2010). Unlike these 
techniques for investigating the physiology of zooxanthellae, underwater fluorometers (e.g. 
the Diving-PAM used in this study) allow accurate measurements to be taken without 
destroying the host or isolating the zooxanthellae (Beer and Ilan 1998; Sugget et al. 2010). 
This means measurements can be taken over time as the survival or stress of the organism 
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will not be affected by measurements with the PAM fluorometer (Beer and Ilan 1998). The 
Diving-PAM is submersible (to depths of up to 50 metres), which is extremely useful for in 
situ studies on coral reef ecology and physiology (See Figure 1.5) (Sugget et al. 2010). 
 
PAM fluorometry is a useful tool for investigating the rate of photosynthesis under various 
conditions. The current findings (and the knowledge gaps) of studies that have used PAM 
fluorometry to investigate how corals have reacted in terms of their photophysiology are 
summarised in Table 1.1. Temperature change (particularly a rise in temperature) has been 
the driver of many studies that aim to predict how corals will be affected by increasing 
temperatures as a result of climate change (Berkelmans and van Oppen 2006; Tolosa et al. 
2011; Kuanui et al. 2015). For example, Bhagooli and Hidaka (2004) used PAM 
fluorometry to investigate whether zooxanthellae within corals exposed to high 
temperatures were expelled due to damaged photosynthetic apparatus, or if they were 
Figure 1.5: The Diving-PAM being used in an in situ photosynthesis 
study at Hall Bank Reef, Western Australia 
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expelled due to damaged physiological functioning of the host. They found that healthy 
zooxanthellae with normal PSII functioning were being expelled by the host when they 
were exposed to high temperatures (Bhagooli and Hidaka 2004). This indicates that the 
expulsion of zooxanthellae is not dependent on the functioning of the dinoflagellate’s PSII, 
but on the tolerance of the zooxanthellae (Bhagooli and Hidaka 2004). 
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Independent variables PAM 
Measurement/s 
Dependent variable/s Major findings 
Beer and IIan 
1998  
In situ  Solar irradiance 
 Time of day 
Effective quantum 




 Correlation found between diurnal light irradiances and 
the relative ETR 
Jones et al. 
1999 
In situ  Cyanide level Effective quantum 






 Application of cyanide showed significant decrease in 
effective quantum yield and density of zooxanthellae. 
  Effective quantum yield remained low for several days 
before recovery (indicates photo inhibition) 
Philipp and 
Fabricius 2003 









 Recovery rate 
 Sedimentation significantly reduced effective quantum 
yield 
 Chlorophyll content and zoozanthellae density was 
lower in sediment covered corals 
 Larger sediment loads required a longer recovery 
period 
Berkelmans 
and van Oppen 
2006 
Ex situ  Temperature 
 Sample site 
Effective quantum 
yield of PSII 
 Fluorescence 






 Higher bleaching at higher temperatures 
 Lower effective quantum yield and zooxanthellae 
density at higher temperatures 
 
Winters et al. 
2006 
In situ  Seasonal variation 
 Species 
 Solar irradiance 
 Temperature 
Effective quantum 
yield of PSII 
 Fluorescence 
 
 Effective quantum yield was highest in winter and 
lowest in summer 
 No relationship found between effective quantum yield 
and seawater temperature 
Abrego et al. 
2008 
Ex situ  Clade of 
zooxanthellae 
 Temperature 
 Light intensity 
Effective quantum 





 Oxygen evolution 
 Pigment 
concentration 
 Bleaching score 
 Specific 
 Corals hosting Clade D Symbiodinium had a lower 
tolerance to increased temperatures than Clade C1 
 C1 corals consistently had a higher effective quantum 
yield and gross photosynthesis rate (determined by 
oxygen evolution) than Clade D 






Moya et al. 
2008 
Ex situ  Chemical 
pollution  
 Season  
Effective quantum 
yield of PSII 
 Fluorescence  
 Skeletal growth 
 Calcification rates 
(light and dark) 





 Photosynthetic O2 
production 
 After just one month the effective quantum yield of 
PSII decreased significantly in polluted aquaria 
 After 2 months the calcification and O2 production 
decreased 
 After 3 months showed oxidative damage and 
disruption of symbiosis 
 After 6 months the corals died 
Abrego et al. 
2008 
Ex situ  Clade of 
zooxanthellae 
 Temperature 
 Light intensity 
Effective quantum 





 Oxygen evolution 
 Pigment 
concentration 





 Corals hosting Clade D Symbiodinium had a lower 
tolerance to increased temperatures than Clade C1 
 C1 corals consistently had a higher effective quantum 
yield and gross photosynthesis rate (determined by 
oxygen evolution) than Clade D 
 Chlorophyll a content was lower than initial levels after 
heating 













 Colony orientation 
 Chlorophyll content per alga increased with depth (as 
light intensity decreases) 
 Effective quantum yield ratio did not change 
significantly 
Tolosa et al. 
2011 
Ex situ  Feeding 
 Temperature 
Effective quantum 
yield of PSII 
 Fluorescence 







 Growth rate 
 Feeding increased zooxanthellae density, chlorophyll a 
content, fatty acids, sterols and alcohol enhancement 
 Thermal stress was associated with lower zooxanthellae 
density 
 Corals that are fed are more likely to survive bleaching 
events caused by thermal stress 
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The majority of published studies investigated the effect of light on corals ex situ (that is, in 
experimental aquaria set up in a laboratory environment with conditions as similar to the 
environment they were collected from as possible). Although in situ studies provide vital 
information on the ecology of the organisms in their natural environment, a long term study 
is not always logistically possible in situ (Beer et al. 1998). This has led to most long term 
light studies being conducted in an indoor laboratory environment due to the risk of 
variable weather conditions (Kinzie et al. 1984; Rocha et al. 2013; Wijgerde et al. 2014). 
The value of outdoor studies that utilize the light provided by natural solar radiation should 
not be underestimated, however there is a gap in the scientific literature in this area. 
 
1.4 Aims of thesis 
This study is an investigation on the effect of changing spectral composition on the 
photosynthetic efficiency of the zooxanthellae within coral from the genus Goniastrea sp. 
Research into coral physiology is vital to understanding these organisms and how we can 
mitigate the effects of issues such as climate change. Overall, the findings of this study will 
contribute to the knowledge base of coral reef photophysiology and ecology. The Diving-
PAM is a relatively new tool for measuring photosynthesis, and has the advantage of being 
non-invasive. Furthermore, to the best of my knowledge, this is the first study to use this 
tool to investigate the effect of various spectra on photosynthesis of light adapted corals, so 
the information will fill this knowledge gap in the scientific literature.  
 
The question we are seeking to answer is whether the zooxanthellae within the coral 
Goniastrea sp. recover after stress at different rates while being exposed to blue, red, UV-B 
filtered radiation, and full photosynthetically active radiation (PAR) using pulse amplitude 
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modulated (PAM) fluorometry. This study was designed to determine whether the light 
wavelength received by coral at different depths has an effect on the eco-physiology of the 
zooxanthellae after being subject to stressful conditions.  
 
The aims of this study are: 
 To review the literature, identifying areas that have been covered extensively and 
give a summary of their findings, as well as identifying knowledge gaps; 
 To determine whether the light wavelength received by coral at different depths has 
an effect on the eco-physiology of the zooxanthellae after being subjected to 
stressful conditions; 
 To determine if the time of day is a factor influencing the photosynthetic efficiency of 
corals living in an outdoor, ex situ environment; 
 To determine the photosynthetic efficiency of corals under different light treatments 
over the course of the experiment; 
 To determine if the survival rate is significantly different for corals receiving light 
from different bands of the electromagnetic spectrum; 
This was achieved by measuring the photosynthetic efficiency and survival rate of corals 





2.1 Field site 





42.957’E in Perth, Western Australia (see Figure 2.1 and 2.2) (Thomson and Frisch 
2010). The reef is close to shore, just 1 km north of the Fremantle Port in the Swan 
River Shipping Channel. Parts of the reef are flat and as shallow as 6 m, but the reef 
then slopes fairly steeply down to 14 m (Thomson and Frisch 2010). The geology of the 
reef is aeolianite limestone, and is fairly sheltered due to nearby Garden Island, 
resulting in low wave exposure (Thomson and Frisch 2010). The proximity of the reef 
to the river mouth causes relatively high turbidity in the area, however the area 
surrounding the reef is silty, flat and covered in dense seagrass (Posidonia sp.) 
(Thomson and Frisch 2010). The inshore reef is not directly influenced by the Leeuwin 
Current, which may explain the low annual mean water temperature of 19.3
o
C 
(Thomson and Frisch 2010).  There is very limited information available on the ecology 





2.2 Controlled study design of system  
The overall growth system design is summarised in Figure 2.3. Eight aquaria were 
placed on a workshop table in an outdoor laboratory space (see Figure 2.4 and 2.5). 
Each aquarium held 50 L of sea water, obtained from the Algae R&D Centre sea water 
supply. Natural seawater (Hilarys Beach, WA containing 33 ppt NaCl concentration) 
was kept in a 12.0 L seawater aquarium prior to use in the experiment. A sump 
aquarium held approximately 180 L of water, and contained two pumps of 3000 L/h 
flow rate and 3 m head maximum. These pumps delivered water to the aquaria through 
19 mm piping and out a 19 mm tap (Figures 2.4 and 2.5). The flow rates out of each tap 
were standardised and adjusted by closing each tap according to the amount of water it 
Figure 2.2: The location of Hall Bank a) in relation 




was being delivered. The average flow rate in each aquarium was 2.650.25 L/min. 
Each aquarium also contained one water pump to circulate the water and increase flow 
over the surface of the corals. At the bottom of each aquarium a small piece of 3 cm x 3 
cm plastic trellis mesh was inserted for the corals to sit in. This kept the corals evenly 
spaced in the aquarium and reduced the risk of them falling over and being shaded. 
 
Each aquarium was slightly raised at the tap-end so that the water overflowed into the 
tray that the aquarium was sitting in before draining back into the sump tank (Figure 
2.4). The trays then had pipes delivering the overflow back to the sump aquarium 
(Figure 2.5). The water was kept at a constant temperature of 21
o
C, which was chosen 
based on the temperature of the water at the collection site. This was achieved using a 
cooling system with a series of coils inside a water bath. A (10,000 L/h, 7 m head) 
pump in the sump aquarium pumped water from the sump, through the coils and back 
into the sump aquarium. All pipes delivering water to the sump aquarium released the 
Figure 2.3: The design and layout of the aquarium system and the links between the sump aquarium, 
cooling system, and the eight experimental aquaria 
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water to the top of the sump, allowing the water to flow down the sump through a series 
of filtering media including 0.03 cubic metres of bioballs, 300g of Vitapet Aqaurium 










The aquaria were numbered 1-8, assigned a depth and a filter and then randomised in 
the set up. The light treatment was controlled using coloured filters mounted on a 
wooden frame placed over each aquarium as a removable lid. The light filters were 
ordered from LEE Filters. The number aquarium, colour, filter reference number, 
percentage transmission of the filter and the depth the coral in the aquarium was found 






Figure 2.4: The experimental setup, with 
the filters on each of the eight aquaria 
Figure 2.5: The pipes leading from each 




2.3 Background studies 
Site and species selection 
During the design phase of the experiment, the field site was visited on the 4
th
 May 
2016 to ensure it would be appropriate. A survey of the area was completed at the depth 
that the coral was to be taken from to ensure there would be enough of one particular 
species to collect an adequate sample size. The survey revealed that at 12m depth, the 
species composition was dominated by Goniastrea sp. The only other study with 
published information on the field site found this species to be the most abundant across 
the entire site, not just at 12m depth. For this reason, it was assumed that removing a 
small amount of this genus would not have a detrimental impact on the continued 
survival of the population.  
 
Coral survival indication 
Corals were collected from Hall Bank on the 4
th
 May 2016, a boat was taken to Hall 
Bank Reef and the fieldwork was carried out by SCUBA diving. The water temperature 
was approximately 19
o
C. Eight fragments of coral approximately 5x5 cm were collected 
from the reef using a hammer and chisel. These were placed in dark sampling bags and 
 
 
Table 2.1: The details of each aquarium, including the number, colour, reference number, percentage 
transmission, spectral range and Irradiance transmitted as measured using a spectrophotometer 












1 and 5 Red 026 8.6 600-700nm 1.07 
2 and 6 Clear 130 95 Full 
spectrum 
0.02 
3 and 7 Blue 363 4.2 400-525nm 1.38 
4 and 8 UV 226 91.5 > 400nm  0.04 
 
 37 
brought to the surface where they were placed in an esky and taken back to the research 
laboratory at Murdoch University. One coral fragment was placed in each of the eight 
aquaria. During this preliminary experiment, the aquaria were not yet covered with the 
filters, so the corals were receiving the full range of the electromagnetic spectrum. The 
purpose of this trial was to determine the approximate survival time of the corals in an 
ex situ environment after the stress of removal. The corals were monitored each day and 
given a health score out of ten, with ten being a similar condition to pre-collection, and 
zero being completely bleached. The number of healthy polyps and the amount of algal 
growth on the coral tissue was used to determine the coral health score.  
 
   Figure 2.6: The setup of the coral survival experiment 
 
 Light spectra   
A spectroradiometer was used to determine the range of wavelengths received through 
the filters. The probe was held under the water and filter, pointing up. The probe was 
held just above the corals in the aquarium to measure the wavelengths that the corals 
would be receiving. The data could then be uploaded directly to Excel.  
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 of August the corals were collected from Hall Bank Reef by SCUBA diving. 
The water temperature was approximately 16
o
C. The collection process was adjusted 
from the preliminary collection process to ensure stress on the corals was reduced. 
Uncut boulders of coral (rather than fragmenting corals underwater) were collected and 
brought to the surface in garbage bags. These were immediately placed in cool boxes 
filled with water from the field site. The large uncut coral fragments were brought back 
to the laboratory and placed in an aquarium half filled with water from the field site, and 
half filled with water from the laboratory fieldwork supply in order to acclimatise for 
one hour (see Figure 2.7). They were cut using an angle grinder, hammer and chisel (see 
Figure 2.8). The coral fragments were each 5 cm x5 cm (see Figure 2.9). The average 
number of corallites per fragment was 29. Eight fragments were distributed randomly 
into each of the eight aquaria, resting on the plastic netting covering the bottom. 







The quality of the seawater circulating through the aquaria was monitored closely 
throughout the experiment. The water in the sump aquaria evaporated over time or was 
occasionally lost due to overflow from the experimental aquaria. The sump aquarium 
was refilled with seawater from the supply at the Algae R&D Centre approximately 
every three days, or when the water level was low. There were also occasionally high 
levels of fresh water input due to periods of high rainfall. Under these circumstances the 
sump would be drained and refilled with fresh salt water. Salinity, pH, KH and Calcium 
levels in the water were tested to ensure that seawater was at appropriate levels for the 
corals.  
 
2.5 PAM fluorescence studies 
A submersible Diving-PAM was used to determine the photosynthetic efficiency of the 
corals inside the aquaria (see Figure 2.10). The experiment began one hour after cutting 
up the pieces. From this start point the first measurements were taken at midnight and 
Figure 2.8: The corals being cut into 
fragments 
Figure 2.9: The cut coral fragment 
 40 
every three hours thereafter for the next 24 hours until midnight the following night. 
After this initial 24-hour period, the corals were measured every second day at 6 am 
(see Table 2.2). When measurements were taken during the day aquaria were covered 
with two large tarpaulins and secured in place with ropes for ten minutes (dark 
adaptation) (see Figure 2.11). After this dark adaptation time the measurements were 












Figure 2.10: The Diving-PAM being used during a 
night time trial without the tarpaulin dark 
adaptation 
Figure 2.11: The dark adaptation of the aquaria 





               Table 2.2: The date, time and dark adaptation method for each trial 
Date Time Dark Adapted 
(yes/no) 
20/7 12am No 
20/7 3am No 
20/7 6am No 
20/7 9am Yes 
20/7 12pm Yes 
20/7 3pm Yes 
20/7 6pm Yes 
20/7 9pm No 
21/7 12am No 
22/7 6am No 
24/7 6am No 
26/7 6am No 
28/7 6am No 
30/7 6am No 
1/8 12am No 
1/8 3am No 
1/8 6am No 
1/8 9am Yes 
1/8 12pm Yes 
1/8 3pm Yes 
1/8 6pm Yes 
1/8 9pm No 
2/8 12am No 
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One saturation pulse was carried out on each coral, giving eight saturation pulses per 
treatment aquaria and 64 in total. Light curve measurements were also conducted, 
however to minimise stress only one light curve per aquaria was taken. The fiber optic 
probe was held with as little movement as possible. The probe was held at a 45
0
 angle 
and approximately half a centimeter away from the centre of eight randomly selected 
polyps on each coral (Cosgrove and Borowitzka 2006). Each saturation pulse was taken 
at least 2cm apart Cosgrove and Borowitzka 2006). The eight saturation pulses were 
always conducted first, followed by the single light curve. The coral that endured the 
light curve was determined by the volunteer controlling the computer, who chose a 
random number, which the probe holder used to identify the coral according to where it 
sat in the aquarium. The Diving-PAM settings are shown in Table 2.3. 
 
Table 2.3: The settings used on the Diving-PAM for all measurements 
Setting Value 
Measuring light intensity 8 
Damp 2 
Gain 2 
SAT-pulse intensity 8 
SAT-pulse width 0.6s 
Actinic light Intensity 1 
Actinic light PAR 3 
Actinic light width 0:05s 
Actinic light factor 1.00 
Light curve width 0:10s 
Light curve intensity 3 
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2.6 Coral survival 
After the PAM measurements, the corals were monitored to determine the survival rate 
of corals under each light treatment. Each day at midday the number of live corals in 
each aquarium was recorded. A coral was counted as ‘live’ if more than 50% of the 
coral polyps appeared healthy. The number of live corals in each aquarium was 
averaged for each pair of light treatments. The rate of decline in live corals was 
determined for each treatment. The end of this phase of the experiment was signified by 
the death of all 64 coral fragments, which lost tissue and turned a bleached white colour 
(see Figure 2.12).  
               Figure 2.12: The deceased corals after the coral survival experiment 
 
2.7 Analysis 
During saturation pulses the measurement of interest is the effective quantum yield of 
PSII. This was calculated by YII=Fv/Fm, where Fm is the maximal fluorescence yield 
of illuminated sample with all PS II centers closed, and Fv is the variable fluorescence 
of a dark adapted sample (Schreiber 2004). During light curves the main parameters of 
interest were NPQ, which is the non-photochemical quenching parameter describing 
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regulated dissipation of excess energy; PAR or the photosynthetically active radiation 




; ETR and ETRmax  or the electron transport rate and the 
maximal electron transport rate respectively. As well as this, the alpha and ETRmax were 






















Figure 2.14: The equation used to calculate the 





3.1 Water quality 
Salinity within the aquaria remained at a fairly constant level throughout the 
experiment, ranging from 2.4% to 3.1%, with an average salinity of 2.9%. The pH 
ranged from 7.98 to 8.04, with an average pH of 8.1. The KH levels varied from 107- 
143 ppm; the average KH in the aquarium was 125 ppm. The calcium levels were 




The spectro-radiometer gave the irradiance and spectral composition of light passing 
through each filter (Figure 3.1). The results showed that the clear filter gave the highest 
light intensity, followed by the UV filter, then the red filter. The blue filter gave the 
lowest light intensity. The clear and UV filters gave similar spectral compositions, with 
the largest range of the spectrum absorbed. The red and blue filters performed as 





3.3 Preliminary Coral Survival  
The corals showed an initial slow decline in heath score (based on the percentage of live 
polyps) but declined rapidly in health from day nine onwards (see Table 3.1). By day 11 
all corals were at health score zero. At this time the corals approximately 90% of the 
coral surface area had been covered by algae growth. There was some variation in the 
rate of decline, with coral eight showing very little decline in heath until day nine, while 
coral two had shown a 50% decrease in health by day six. 
 
 
Figure 3.1: Absorption spectra of the light filters (blue, red, clear and UV) 
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Table 3.1: The coral health score for each of the eight corals within the 11 days of the preliminary 
survival study.  
CORAL 1 2 3 4 5 6 7 8 9 10 11 
1 10 10 10 9 9 8 8 8 5 3 0 
2 10 9 8 8 8 6 5 5 4 2 0 
3 10 10 9 9 9 9 8 7 4 2 0 
4 10 8 8 8 8 8 8 7 3 2 0 
5 10 9 8 8 8 8 7 7 3 2 0 
6 10 9 9 9 9 9 8 8 6 4 0 
7 10 10 9 9 9 9 8 8 4 3 0 
8 10 9 9 9 9 9 9 8 5 3 0 
 
 
3.4 Coral Survival  
The survival data shows that the corals subjected to blue filter treatments survived for 
longer than the corals under the other light treatments, with red light treatments being 
the second highest survivors (Figure 3.2). All corals remained alive until day three of 
the experiment, however after this point the corals subjected to the clear and UV 
treatments began to die. Between day three and day seven, all corals under each filter 
treatment declined quickly. During this time, survival of corals subjected to the red, 
clear and UV filter treatments dropped by 50%, while the number of corals subjected to 
blue light remained higher than all other aquaria. After the seventh day the number of 
surviving corals in the red and blue treated aquaria plateaued while the clear and UV 
aquaria kept declining in survival. All corals subjected to red, clear, and UV filter 
treatments were dead by day 15, while corals subjected to blue filter treatments survived 











Long Term Photosynthesis Studies 
A three-way analysis of variance (ANOVA) was used to compare the photosynthetic 
efficiency (ratio of the variable to maximal fluorescence, or Fv/Fm) of the corals under 
each light treatment at each pre-dawn trial. The relationship between Fv/Fm and Test 
number, and Fv/Fm and Light treatment were significant (P < 0.01) at a 99% confidence 
interval, while Fv/Fm and Time was significant at a 95% confidence interval (Table 
3.2). However, the three-way interaction between Time, Test and Light, as well as the 
two-way interaction between Time and Test were not significant.  
 
Figure 3.2: The survival rate of the corals under each light treatment (blue, red, clear and 






Measurements of the effective quantum yield of the corals under each light treatment at 
the start of the experiment (the first midnight saturation pulses) and the end of the 
experiment (the last midnight saturation pulses) showed that all four light treatments 
resulted in a decrease in Fv/Fm (Table 3.3). However, blue light treatments only 
reduced Fv/Fm slightly (~0.02) and red reduced Fv/Fm by approximately 0.08; corals 
subjected to UV and clear light treatments reduced Fv/Fm by 0.25 and 0.28 respectively 
(Table 3.3). The corals subjected to blue and UV light treatments started with the same 
average Fv/Fm (0.7089), however, after the 12 days the corals under the UV light 








Table 3.2: Results from the three-way ANOVA on the Fv/Fm in the diurnal saturation pulses at a 
95% confidence interval 









Table 3.3: Effect of light treatment on Fv/Fm in the corals under each light treatment from the first 
midnight trial to the last midnight trial 
Light Treatment Initial  Final Difference 
Blue 0.7089 0.6911 ~ -0.02 
Red 0.6976 0.6173 ~ -0.08 
UV 0.7089 0.4687 ~ -0.25 
Clear 0.6820 0.3965 ~ -0.28 
 
Figure 3.2 indicates this difference in average Fv/Fm collected using the saturation 
pulses method over the course of the experiment. Fv/Fm measurements of corals 
subjected to clear and UV light treatments showed a much higher range in the boxplots. 
All light treatments show relatively symmetrical plots indicating normality in these 
measurements. However, there were outliers in nearly all boxplots. The first trial under 
all light treatments produced a relatively similar Fv/Fm range. After the first trial, the 
corals under the red and blue filters continued at this high Fv/Fm level, while Fv/Fm of 
the corals under the clear and UV treatments began to drop by the second trial. The 
graphs of the corals subjected to the red and blue filters show a consistently higher 
Fv/Fm across the next six 6 am trials. Corals under all light treatments showed a slight 














Figure 3.2: The average Fv/Fm from the 6am measurements for each light treatment across the 7, 6 am 
trials (collected every second day for 12 days, and at each diurnal trial) 
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The ETRmax did not change significantly over the course of the experiment (Figure 3.3). 
This parameter showed no relationship with the trial number, or light treatments. The 
NPQ also did not indicate any long term patterns, and the parameter NPQ was not 
significantly different over the trials or across light treatments at a 95% confidence 
interval. Alpha and ETRmax were also not significantly different over time (>0.05) and 
showed no long term pattern over the experiment. 
 
Figure 3.3: The average ETRmax for each light treatment across the 7 6am trials (collected every 





Diurnal Photosynthesis Studies 
The short term patterns include the diurnal patterns across the 2-hour period, and the 
patterns within each light curve across light intensities. A three-way AVOVA was used 
to compare the photosynthetic efficiency of the corals between the time of day, light 
treatment and the test number (Table 3.2). As seen in the table, the paired interactions 
between Time and Light, as well as Test and Light are significant; the paired 
interactions between Time and Light, as well as Test and Light were significant. At a 
99% confidence interval, the single interaction factors Test and Light are significant 
with regards to the Fv/Fm; Time was significant at a 95% confidence interval. 
Therefore, across the 24-hour period the efficiency of the corals changed depending on 
the time of day.  
 
The Fv/Fm significantly changed, (P<0.05) over the course of the 24 hours (Figure 3.4). 
In the red and blue light treatments there is very little variation over most of the 24-hour 
period. However, in the clear and UV treatments there was a peak in both Fv/Fm at 
9am, before a drop at 12pm. The clear and UV light treatments also showed a decline in 
Fv/Fm over the course of the 24-hour period, with the strongest slope between 6am and 
3pm. The period between 6pm and 6am (night time) is the most stable, with hardly any 











Figure 3.4: The average Fv/Fm for each light treatment over the course of a 24 hour period, in both the initial 
and final diurnal trials 
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NPQ was not significantly different between light treatments or over time (P<0.01) 
(Figure 3.5). Each light treatment doesn’t appear to have any significant trends, and 
there are no patterns in NPQ over time across the treatments. However, NPQ does 
change significantly across irradiance levels. There is a net increase in NPQ with 
irradiance in all four light treatments. All light treatments showed a peak in NPQ at 




. After this point, NPQ starts to plateau, only increasing 








) under each light 




The parameters Alpha () and ETRmax were also used in the analysis, with  referring 
to the initial slope of the light curve, and the ETRmax being the maximum fluorescence 
yield (see Appendix for fitted curves). In all graphs (with the exception of the UV 
treatment), the corals showed a very high  at 12 am, then decreased slightly before 
increasing to the middle of the daytime period (Figure 3.6). After 12 pm, the  slowly 
decreased to a minimum at 12 am, when the corals are in complete darkness.  
 
Figure 3.6: The Alpha () of the corals under each light treatment (blue, red, clear and UV), every three 
hours over a 24-hour period 
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The ETRmax showed more variability in the results, with a similar, but less prominent 
pattern emerging (Figure 3.7). The corals under the blue and red light treatments did not 
conform to the expected pattern of ETRmax over the diurnal trial, with the corals under 
the blue light treatment showing a net decrease over the course of the day. The red light 
treated corals showed a peak at 9 am and 6 am, with a drop at midday from 12-3 pm. 
The corals under the UV light treatment indicate more of a pattern emerging, with a 
slight increase at midday, decreasing as the day progressed. On the other hand, the 
corals under the clear light treatment showed a curve over the course of the day that 
steeply increased until the middle of the day, and then steeply declined until night time. 
The results of the three-way ANOVA revealed there was no relationship between ETR 
and PAR or between ETR and light treatment. The ETRmax was generally at around 100 
























Figure 3.7: The ETRmax of the corals under each light treatment (blue, red, clear and UV) every 




4.1 Coral Survival  
The variation in survival rate of the corals under each light treatment gives an indication 
of the influence of the composition of light on corals. The corals were collected from 12 
m depth, where they are naturally adapted to an environment that is exposed to mainly 
blue light (450-495 nm) (Mass et al. 2010). This is likely to have been the main cause of 
the longer survival time of the coral subjected to blue light. Previous studies have found 
that when deep water corals are exposed to shallow water conditions (either translocated 
in situ, or removed and had the conditions simulated ex situ) they either become 
bleached, or die (Kinzie and Hunter 1987; Lesser and Gorbunov 2001; Winters et al. 
2003). These results, when considered in conjunction with previous findings may have 
implications for future studies that are seeking to keep ex situ corals in the best 
environment possible to maximise survival time. The results of this study indicate that 
the composition of light that corals are adapted to will affect survival. Industries and 
researchers attempting to grow corals would therefore be encouraged to provide corals 
with the composition of light they are adapted to in situ. 
 
4.2 Long term patterns 
The significant difference in photosynthetic efficiency as measured by the pre-dawn 
saturation pulses gives evidence for the importance of light composition on the effective 
quantum yield of Photosystem II. The corals subjected to the blue light treatment 
exhibited a consistently higher Fv/Fm average over the course of the experiment, which 
can be partially attributed to the light composition that the corals were adapted to in situ 
at the collection site. The red and blue light filters only transmit a narrow band of the 
spectrum, while the clear and UV filters allowed the transmission of a much greater 
range of wavelengths. As well as this, the wavelength of blue light is shorter, and is 
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therefore high frequency and high energy (      ). This allows for greater electron 
transitions, leading to a higher photosynthetic yield. Cohen et al. (2013) found similar 
results in an in situ study that placed corals at progressively shallower depths, beginning 
at 30 m depth, and raising them closer to the surface over a long period of 118 days. 
The shallow water transmitted four times the irradiance of the shallow water, and 
resulted in a negative correlation with zooxanthellae density, and maximal 
photosynthetic rate. Winters et al. (2003) also found that shallow water corals had a 
lower Fv/Fm than deeper corals. We assume that these changes are due to 
photooxidative stress from increased irradiance, which is known to result in the 
production of protective substances such as mycosporine-like amino acids, catalase, 
superoxide dismutase, ascorbate peroxidase, and antioxidant enzymes (Dunlap and 
Shick 1998; Yakovleva et al. 2004).  
 
During the experiment, corals in the UV-blocked and clear aquaria in particular were 
exposed to high light intensities, which may have been a major cause for the 
discolouration due to loss of symbionts. There is overwhelming evidence from previous 
studies that loss of zooxanthellae by ejecting them from the coral tissues is associated 
with stress due to increased temperature and/or high light exposure (Jones et al. 1998; 
Warner et al. 1996; Takahashi and Murata 2008). The discolouration, paired with the 
lowered Fv/Fm measurements is an indication that the zooxanthellae density may have 
lowered, lowering the yield of the corals under all light treatments (Hoegh-Guldberg 
and Smith 1989; Takahashi and Murata 2008). However, some studies have found that 
loss of a portion of zooxanthellae may lead to loss of the zooxanthellae with the lowest 
yields or “impaired” zooxanthellae (Jones and Hoegh-Guldberg 1999; Ralph et al. 
2005). This would cause the corals to be dominated by healthy zooxanthellae with 
higher yields, leading to a higher Fv/Fm (Jones and Hoegh-Guldberg 1999). Results 
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from this study do not support this, as the Fv/Fm clearly declines over time under all 
light treatments, particularly the two filters that allow high light intensity. The overall 
reduction in Fv/Fm under all light treatments is assumed to be due to increased stress 
over time as a result of unfavourable living conditions. This is consistent with the 
findings of Sato et al. (2011), who found that incidence of disease was more likely 
during conditions of high temperature and irradiance; they also found that the Fv/Fm of 
the corals declined over the seven days that they were kept in the laboratory 
environment. The corals in these studies were taken from an environment to which they 
were adapted to, and placed in conditions that did not fully simulate this environment in 
terms of water flow, nutrient levels and especially light. Corals are known to adapt to 
small scale changes over short periods of time, however the results from this experiment 
gives further evidence to suggest that corals are not able to cope with multiple 
subsequent environmental changes (Halford et al. 2004; Gurney et al. 2013).  
 
The theory of complementary chromatic adaptation is supported by the data collected, 
as we have found that the light treatments cause a difference in photosynthetic 
efficiency; we assume that this difference is due to the use of different pigments within 
the chloroplasts of the zooxanthellae (De Marac et al. 1988; Grossman 2003). There 
was a significant difference in Fv/Fm found between light treatments, with the highest 
FvFm and survival rate being found within the corals under the light treatment that is 
most similar to the pre-experimental conditions (blue light). This suggests that the 
photosynthetic system of the host-symbiont association is consistent with the 
predictions that they will adapt to environmental conditions, and when moved out of 
this environment, will either acclimatise to the new environment or perish, depending 
on the severity of the change.  
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The ETR and NPQ did not show any significant patterns over the course of the 
experiment and appeared to be random. There was also no significant difference 
between the light treatments. This may be due to the low sample size not producing 
enough data to find a relationship. The parameters were produced from the light curves, 
which were only completed twice on each light treatment per trial, while there were 64 
saturation pulses taken at each trial. This may explain the significant patterns in the 
Fv/Fm parameter, and not in the ETR or NPQ parameters. It is expected that the ETR 
would also decrease at the same rate as the Fv/Fm, as this should reduce as the corals 
health declines over time and the yield is lowered.  
 
4.3 Diurnal patterns 
The diurnal results collected in this study give further evidence to support the claims 
that there is a range of bio-physical mechanisms working to both reduce damage to 
photosynthetic apparatus using photoprotection, and regulate of photosynthetic activity 
of symbionts (Lesser and Gorbunov 2001; Ralph et al. 2005; Hennige et al. 2009). The 
significant decrease in Fv/Fm under every light treatment at around 12 pm-3 pm 
indicates that these bio-physical mechanisms may be at work to lower photosynthetic 
yield. The decrease in Fv/Fm in all corals (particularly the clear and UV light exposed 
corals) is a symptom of photoinhibition. Photoinhibition is the process that lowers the 
efficiency of photosynthetic energy usage, both short and long term (Gorbunov et al. 
2001). Two types of photoinhibition have been identified based on their relaxation or 
‘recovery’ times; dynamic and chronic photoinhibition (Gorbunov et al. 2001). 
Dynamic photoinhibition is short-term reversible decreases in quantum yield, which is a 
mechanism of photoprotection reducing the damage to PSII (Figure 3.7) (Gorbunov et 
al. 2001; Mumby and Van Woesik 2014). Chronic photoinhibition is associated with a 
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much greater decrease in yield, with severe damage to PSII (Brown et al. 1999). 
Recovery from chronic photoinhibition is much slower, and is associated with a loss of 
function of the PSII reaction centre or photo damage rather than the protection that 
occurs in dynamic photoinhibition (Brown et al. 1999).  
 
The long term (greater than 24 hour), gradual decrease in Fv/Fm indicated that the 
zooxanthellae measured in this study, particularly those under clear and UV light filters, 
were chronically inhibited as a result of light exposure. However, the decreases in 
Fv/Fm in all light treatments at midday indicate dynamic photoinhibition. We know that 
generally, irradiance increases during the day until midday and then decreases to zero at 
night time. This pattern partially correlated with our findings for the maximum electron 
transport rate (ETRmax) under all light treatments. The ETRmax occurred at 9 am for 
corals under all light treatments during both the initial and final diurnal trials, with the 
exception of the initial trial for the red light treatment corals (may be due to an outlier in 
the data). The observation that the ETRmax peaked at 9 am on nearly every trial, in every 
light treatment, indicates that this was the point of the day when the efficiency of 
photosynthesis was at its highest. We would have assumed this peak would instead be 
when irradiance is highest (12 pm presumably), however there was a significant drop at 
12 pm after the peak at 9 am. This gives evidence to suggest that corals were 
experiencing dynamic photoinhibition as a protective response to the high light 
exposure at this point in the day. Both diurnal trials took place on very sunny, cloudless 
days where sun exposure was high, particularly at midday. Given this environmental 
pattern, we would expect that the corals would exhibit a photoprotective response, 





When light is absorbed, electrons within Chlorophyll-a molecules are excited to higher 
energy levels (Muller et al. 2001). The electrons can return to the ground state in several 
ways; energy can be emitted as fluorescence, used to drive photochemistry, decay 
through the triplet state, or de-excited by thermal dissipation processes, which is known 
as non-photochemical quenching (NPQ) (Muller et al. 2001). NPQ is an example of one 
mechanism employed by photosynthetic organisms including zooxanthellae to protect 
itself against photo damage caused by excessive irradiance (Gorbunov et al. 2001). It 
occurs when the rate of electron transport is faster than the rate of the ATP cycle in the 
dark reactions of photosynthesis, and works by dissipating the excess excitation energy 
as heat (Gorbunov et al. 2001). This mechanism is commonly used by corals under 
Figure 4.1: The progression that leads to photo-inhibition as a 
result of stress. Solid lines indicate steps that have evidence 
for their occurrence and dotted lines indicate steps that 
require further study 
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bleaching conditions (Hill et al. 2005). Therefore, when NPQ is higher, there is a 
subsequent loss of photosynthetic efficiency (Hill et al.2005). A previous study found 
that shallow corals under high light in situ experienced a higher NPQ in the afternoon 
than in the morning, indicating they were experiencing photoinhibition during this 
period of time (Winters et al. 2003). They concluded they were experiencing dynamic 
photoinhibition, rather than chronic photoinhibition due to the recovery of the corals to 
a lower NPQ several hours later on the same day. This increase in NPQ at times of high 
irradiance was as expected, and was also strongly correlated with a decrease in 
photosynthetic efficiency (Winters et al. 2003). Therefore, it is expected that as the 
Fv/Fm decreases at midday, there would be a subsequent increase in NPQ to explain the 
decrease in photosynthetic activity; however, NPQ was not significantly different over 
time. Lambrev et al. (2012) found that quenching and photoprotection are not linearly 
correlated, and that the qE mechanism (one of the photochemical quenching 
coefficients) does not relate to the most effective response of photoprotection. However, 
this does not reflect most previous studies, which have generally found that decreases in 
Fv/Fm occur during periods of high irradiance and coincide with increases in NPQ as a 
mechanism of photoprotection (Winters et al. 2003; Levy et al. 2004). NPQ measures 
heat dissipation relative to the dark adapted state (Brown et al. 1999). Therefore, 
measurements of NPQ would be sensitive to the presence of some light during the dark 
adaptation phase. During this experiment the daytime dark adaptation was carried out 
using a tarpaulin covering the all eight tanks, however, some light may have reached the 
corals as the method we used did not completely black out the aquaria. For safety 
purposes, a nearby street lamp post had a light on at all time of the night, which may 
have provided light to the coral during this time.  
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As expected, the  parameter peaked at midday, when irradiance is highest (though this 
pattern was not significant according to the statistical analysis). We would expect 
photosynthesis will be most efficient at this point as the  parameter is a measure of the 
ability of the zooxanthellae to use incident light in light limited conditions (Kinzie et al. 
1987). Unlike Fv/Fm, alpha did not appear to be affected by dynamic photoinhibition at 
the time of highest irradiance, and instead showed a peak at this period. The lack of 
relationship between the NPQ and , and NPQ and Fv/Fm may be attributed to 
presence of a number of other stressors, including abiotic stressors such as temperature 
or dissolved oxygen; biotic stressors such as the samples being at different reproductive 
stages, viral infections, or presence of algal cover.  
 
The peak in  and ETRmax at the 12 am measurements is also an interesting finding. 
From approximately 10:30 pm-11:30 pm the coral boulders were being sliced into 
smaller fragments and head torches were used to direct the cuts in the corals. While the 
light was deliberately shone away from the corals as much as possible, the coral would 
still have had a large amount of light from the head torches shining onto them. This is 
likely to be the reason we observed a peak in the  and ETRmax at the 12 am 
measurement. The corals under the clear light treatment showed an obvious pattern of 
increasing ETRmax during daylight hours and a decrease as irradiance lowered later in 
the day. However, this was the only light treatment that showed this pattern; therefore, 
we cannot confidently say that the ETRmax was affected by the irradiance, especially 
given that the statistical analysis showed no significant difference between the light 
treatments or over time. It is reasonable to conclude that we need more data to confirm 
these emerging patterns. Also, future studies should consider using a red light torch 
while handling the corals to minimise the effect on the experiment.  
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4.5 Limitations and Improvements 
A limitation to this experiment was the lack of availability of in situ light spectrum data 
where the corals were collected. This would have given a better understanding of what 
light these particular corals were adapted to prior to the experiment. We know that 
ocean water filters out wavelengths and dissipates light intensity with depth, however 
this can change significantly in different locations due to variation in weather 
conditions, UV light intensity and with variations in the turbidity of the water (Beer et 
al. 2014). It would also have been preferable to obtain baseline data of the 
photosynthetic efficiency of the corals prior to being removed from the reef. This would 
give an indication as to how much the collection process affects this genus of coral, as 
well as providing useful information into how the Fv/Fm, ETR and NPQ changed when 
kept in situ compared to ex situ. This extra analysis was not possible within the scope of 
this experiment, however it would be feasible in an extended study.  
 
The parameters used in the experiment (Fv/Fm, ETRmax,  and NPQ cannot be directly 
compared between light treatments. This is due to these parameters being relative (not 
normalised). In order to overcome this, it may be useful to pair the PAM data with O2 
microsensor data. This would allow the two methods to be compared for their accuracy 
and validity as a tool for measuring photosynthetic efficiency with this particular 
experiment and coral genus, as well as giving us a comparable measurement between 
light treatments. Including multiple methods would be desirable to replicate the 
experiment with a larger number of corals. This experiment was restricted by the 
number of coral fragments allowed to be collected under the Department of Fisheries 
exemption permit.  It may be preferable to collect the same amount of coral, but from 
multiple colonies. We could then cut the fragments into smaller pieces (for example 3 
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cm x 3 cm) to gain a larger sample size without compromising the integrity or survival 
of the population of coral at the collection sites.  
 
Should the experiment be repeated, a new method of dark adaptation should be adopted 
to ensure that no light is able to reach the corals. The tarpaulin blocked out most of the 
light, however there may have been some light reaching the corals, and may have 
affected the results of the daytime measurements. As well as this, a new method of 
keeping the system at a constant temperature would be desirable, as the cooling system 
used in this experiment showed varied water temperature in the aquaria due to low 
functional capacity of the equipment. The temperature of the water in the cooling 
system often fluctuated and dropped within the ambient temperature. This was not able 
to be remedied due to budget constraints. Hiring personnel was another limitation to this 
study, as there was a need for skippers and assistants on days with appropriate weather. 
With a higher funding capacity, we also would have been able to use the boat more 
frequently and possibly ran another set of diurnal trials. If the experiment was 
conducted in a location that was easier to access, this would make the experiment less 
financially demanding, and less time consuming. Locations that have easy access to 
near-shore coral reefs include the fringing Ningaloo Reef, and the reef surrounding 
Rottnest Island. These may be potential study sites for future studies seeking to 
investigate coral physiology in Western Australia. 
 
Future studies should consider replicating this experiment with corals from several 
different depths. We would expect to see a clear differentiation between shallow and 
deep water corals, as shallower corals would be adapted to utilising red light and deeper 
corals would be adapted to utilising blue light. It would also be interesting to include an 
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analysis of the chlorophyll concentration and zooxanthellae density to include in future 
studies. This was not included in our study due to expulsion of zooxanthellae as part of 
the survival analysis. Some coral tissue was preserved for analysis, and the mix of 
zooxanthellae and coral tissue was photographed (Figure 4.2). We would have expected 
the blue light corals to increase their zooxanthellae density and chlorophyll 
concentration in order to maintain a sustainable yield despite the low light intensity and 
narrow band of the spectrum being received. Should this experiment be replicated, or a 





The results of this study gives evidence for the claim that the composition of light does 
in fact play a role in determining how efficient corals symbionts are at 
photosynthesising. Given that light is filtered through the ocean, the results of this study 
may have implications for anthropogenic activities that alter spectral composition in the 
ocean. Activities that may have an effect on the wavelengths of light received by corals 
Figure 4.2: Microscopic image of the zooxanthellae and 
coral tissue at 40x magnification  
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are: turbidity, oil spills, dredging plumes, sea level rise, and shading through increased 
cloud cover or increased light reflectance due to lowered air and water quality (Hodgson 
1999; Halford et al. 2004; Gurney et al. 2013). Some of these may be long term changes 
that corals are able to adapt to. However, when changes are short term, they 
environment rapidly and drastically, and the resilience of the reef may not be enough to 
withstand these changes (Liddle and Kay 1987). Long term changes may cause chronic 
photoinhibition which may eventually lead to expulsion of symbiotic zooxanthellae and 
loss of the ability to photosynthesise (Gorbunov et al. 2001). Therefore, when making 
decisions about management of coral reefs, we must be aware of the possible impacts 
not only on light intensity, but also on the change in spectral composition. This further 
expands this list of possible impacts to consider when assessing new construction plans, 
oil exploration, and other activities in the marine environment and surrounding the 

















The Diving-PAM is a useful tool for understanding the effect of light on the 
photosynthetic efficiency of zooxanthellae within corals. The majority of studies that 
utilise the Diving-PAM to date have used light intensity as the independent variable, 
and have been conducted either inside in a laboratory confined space (or more recently, 
in situ before the corals have been removed). As well as this, very few studies have 
looked at the diurnal patterns of coral in an ex situ environment. The contribution of this 
study to the scientific knowledge base allows researchers to be aware of the large 
impact of spectral composition on the survival and efficiency of corals. Using the 
results from this study, researchers can make predictions about how long coral 
fragments kept ex situ may stay alive for, which may aid them in the planning and 
experimental design of their study.  
 
This study gives further evidence for the claim that when corals are kept in outdoor 
aquaria, it is important to limit the light intensity and composition so that the corals are 
receiving the wavelengths of light that they would be receiving, and are adapted to be 
receiving at their preferred depth in situ. For example, if a study is being conducted on 
deep water coral reproduction, we must aim to replicate the environment of the deep sea 
in order to reliably observe the reproduction of corals under these conditions. This 
would include limiting both the spectral composition and the light intensity to match 
that of the depth they were taken from. 
 
This study has enhanced our understanding of the damaging effects of light exposure on 
corals. The corals receiving the full range of the spectrum (under clear filter treatments), 
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and those receiving all but the UV range of the spectrum (UV filter treatment) indicated 
that their survival was hindered, most likely due to lowering of photosynthetic rates 
beyond what was sustainable for their survival. All light treatments indicated dynamic 
photoinhibition at midday, as seen by the lowered Fv/Fm paired with the increase in 
NPQ. All light treatments also indicated chronic photoinhibition, which was the cause 
of long term damage that led to a gradual decrease in Fv/Fm from the start to the 
conclusion of the experiment. The ETRmax also showed a gradual decline of the course 
of the experiment, further indicating that the ability to photosynthesise efficiently was 
lowered over time, and had a detrimental impact on the survival of the corals. Corals 
subjected to the blue filter treatment survived the longest out of all the light treatments, 
and this was reflected in the higher Fv/Fm and ETRmax. Therefore, these parameters can 
be used for this species of coral, under these conditions to determine the predicted 
survival rate of corals, and we have evidence to suggest that they give an accurate 
indication of their photosynthetic efficiency. 
 
Further work is needed to explore the impact of light composition on several different 
depths, and in different locations. The climate and therefore the light patterns 
experienced in marine habitats varies considerably with location and depth. So in order 
to understand this topic further, it may be useful to expand the study area. When 
considering multiple sites and depths, we can then map these variables with the 
efficiency of the corals at these habitats and develop a strategy for determining the 
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Figure 8.2: Waiting-in-line curve showing the electron transport rate and least squares fit of the corals under the blue 
light treatment at the first 12:00am  trial 
 
 
Figure 8.3: Waiting-in-line curve showing the electron transport rate and least squares fit of the corals under the blue 


























































Figure 8.4: Waiting-in-line curve showing the electron transport rate and least squares fit of the corals under the blue 
light treatment at the 6:00am trial 
 
 
Figure 8.5: Waiting-in-line curve showing the electron transport rate and least squares fit of the corals under the blue 





























































Figure 8.6: Waiting-in-line curve showing the electron transport rate and least squares fit of the corals under the blue 





Figure 8.7: Waiting-in-line curve showing the electron transport rate and least squares fit of the corals under the blue 


























































Figure 8.8: Waiting-in-line curve showing the electron transport rate and least squares fit of the corals under the blue 




Figure 8.9: Waiting-in-line curve showing the electron transport rate and least squares fit of the corals under the blue 



























































Figure 8.10: Waiting-in-line curve showing the electron transport rate and least squares fit of the corals under the 




Figure 8.11: Waiting-in-line curve showing the electron transport rate and least squares fit of the corals under the red 


























































Figure 8.12: Waiting-in-line curve showing the electron transport rate and least squares fit of the corals under the red 





Figure 8.13: Waiting-in-line curve showing the electron transport rate and least squares fit of the corals under the red 


























































Figure 8.14: Waiting-in-line curve showing the electron transport rate and least squares fit of the corals under the red 





Figure 8.15: Waiting-in-line curve showing the electron transport rate and least squares fit of the corals under the red 




























































Figure 8.16: Waiting-in-line curve showing the electron transport rate and least squares fit of the corals under the red 




Figure 8.17: Waiting-in-line curve showing the electron transport rate and least squares fit of the corals under the red 





























































Figure 8.18: Waiting-in-line curve showing the electron transport rate and least squares fit of the corals under the red 
light treatment at the 9:00pm trial 
 
 
Figure 8.19: Waiting-in-line curve showing the electron transport rate and least squares fit of the corals under the red 






























































Figure 8.20: Waiting-in-line curve showing the electron transport rate and least squares fit of the corals under the 
clear light treatment at the first 12:00am trial 
 
 
Figure 8.21: Waiting-in-line curve showing the electron transport rate and least squares fit of the corals under the 






























































Figure 8.22: Waiting-in-line curve showing the electron transport rate and least squares fit of the corals under the 





Figure 8.23: Waiting-in-line curve showing the electron transport rate and least squares fit of the corals under the 





























































Figure 8.24: Waiting-in-line curve showing the electron transport rate and least squares fit of the corals under the 
clear light treatment at the 12:00pm trial 
 
 
Figure 8.25: Waiting-in-line curve showing the electron transport rate and least squares fit of the corals under the 






























































Figure 8.26: Waiting-in-line curve showing the electron transport rate and least squares fit of the corals under the 
clear light treatment at the 6:00pm trial 
 
 
Figure 8.27: Waiting-in-line curve showing the electron transport rate and least squares fit of the corals under the 






























































Figure 8.28: Waiting-in-line curve showing the electron transport rate and least squares fit of the corals under the 





Figure 29: Waiting-in-line curve showing the electron transport rate and least squares fit of the corals under the UV 






























































Figure 30: Waiting-in-line curve showing the electron transport rate and least squares fit of the corals under the UV 




Figure 31: Waiting-in-line curve showing the electron transport rate and least squares fit of the corals under the UV 





























































Figure 32: Waiting-in-line curve showing the electron transport rate and least squares fit of the corals under the UV 




Figure 33: Waiting-in-line curve showing the electron transport rate and least squares fit of the corals under the UV 





























































Figure 34: Waiting-in-line curve showing the electron transport rate and least squares fit of the corals under the UV 





Figure 35: Waiting-in-line curve showing the electron transport rate and least squares fit of the corals under the UV 

























































Figure 36: Waiting-in-line curve showing the electron transport rate and least squares fit of the corals under the UV 




Figure 37: Waiting-in-line curve showing the electron transport rate and least squares fit of the corals under the UV 
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